Genome-wide association studies (GWAS) in colorectal cancer (CRC) identified five regions near transforming growth factor β-related genes BMP4, GREM1, CDH1, SMAD7 and RPHN2. The true risk alleles remain to be identified in these regions, and their role in CRC risk in non-European populations has been understudied. Our previous work noted significant genetic heterogeneity between African Americans (AAs) and European Americans (EAs) for single nucleotide polymorphisms (SNPs) identified in GWAS. We hypothesized that associations may not have been replicated in AAs due to differential or independent genetic structures. In order to test this hypothesis, we genotyped 195 tagging SNPs across these five gene regions in 1194 CRC cases (795 AAs and 399 EAs) and 1352 controls (985 AAs and 367 EAs). Imputation was performed, and association testing of genotyped and imputed SNPs included ancestry, age and sex as covariates. In two of the five genes originally associated with CRC, we found evidence for association in AAs including rs1862748 in CDH1 (OR Add = 0.82, P = 0.02) and in GREM1 the SNPs rs10318 (OR Rec = 60.1, P = 0.01), rs11632715 (OR Rec = 2.36; P = 0.004) and rs12902616 (OR Rec = 1.28, P = 0.005), the latter which is in linkage disequilibrium with the previously identified SNP rs4779584. Testing more broadly for associations in these gene regions in AAs, we noted three statistically significant association peaks in GREM1 and RHPN2 that were not identified in EAs. We conclude that some CRC risk alleles are shared between EAs and AAs and others are population specific.
Introduction
Genome-wide association studies (GWAS) in colorectal cancer (CRC) have identified associations in over 40 genetic regions through analysis of common single nucleotide polymorphisms (SNPs) (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Of particular interest are SNPs in five regions that contain genes involved in transforming growth factor β (TGFβ) signaling, including BMP4, GREM1, CDH1, SMAD7 and RHPN2 (11) . The TGFβ pathway has been implicated previously in CRC pathogenesis because SMAD4, TGFβR2 and TGFβR1 are commonly mutated somatically during carcinogenesis (12) , and germline mutations in SMAD4 and BMPR1A cause juvenile polyposis syndromes that predispose to CRC (13) .
Although the genes of the TGFβ signaling pathway are good candidates for germline CRC susceptibility, GWAS only provide proxies for the true functional risk variants, which are yet to be identified, and they may be less than ideal for fine mapping. Several attempts have been made to localize the functional risk alleles more precisely by genotyping more SNPs in large European-ancestry sample sets for some of the regions that exhibited genetic associations. In the analysis of TGFβ-related genes, these efforts pinpointed 12 SNPs that exhibited maximal effects, constituting 8 independent risk associations. For example, the SMAD7 SNPs rs4939827 and rs12953717 are in linkage disequilibrium (LD) with rs58920878, which has allele-specific effects on transcription of SMAD7 (14) . CDH1 SNPs rs4939827 and rs12953717 are in LD with rs7199991, which is genetically associated with four expression quantitative trait loci that correlate with expression of the upstream gene ZFP90. RHPN2 SNPs rs9929218 and rs1862748 are in LD with rs28626308, which results in a non-synonymous change in the RhoGTPbinding domain of the RHPN2 protein (15) . In BMP4 (rs4444325 and rs1957636) and GREM1 (rs10318, rs16969681 and rs11632715), multiple, independent risk alleles have been reported (16) . The evidence that any of these SNPs are true risk variants is inconclusive, leaving fundamental questions unanswered, namely, what are the true CRC risk variants, their effect sizes and their mechanisms of action?
Replication of risk-associated SNPs in non-European populations could provide better localization of risk alleles if the risk alleles are shared between different continental populations. In our initial work, we tested whether SNPs found to be associated in Europeanancestry GWAS were good markers for CRC susceptibility in African American (AA) CRC (17, 18) . We replicated associations at three loci (SNPs in CDH1, GREM1 and in the 8q24 region), but there was significant heterogeneity between the European American (EA) and AA odds ratios (ORs), and overall the European-derived SNPs made poor markers for CRC susceptibility in AAs. We propose two possible explanations for this lack of replication. The first is that the SNPs found to be associated with CRC in EAs are shared between AAs and EAs; but because LD decreases more rapidly in AAs than in EAs, SNPs associated in EAs are not good markers for the true CRC risk variants in AAs. We call this explanation the differential genetic structure hypothesis. Alternatively, risk alleles are not shared between different continental populations, rather they are population specific. We call this explanation the independent genetic structure hypothesis. In the present report, we explore these hypotheses to better characterize the genetic structure of CRC risk.
Materials and methods

Human subjects and samples
Cases and controls were obtained from two institutions, University of Chicago Medicine (UCM), consisting of both AAs and EAs, and the University of North Carolina (UNC), consisting of AAs only. Characteristics of these subjects are shown in Supplementary Table 1, available at Carcinogenesis Online. In total, we included DNA from 1194 CRC cases (803 UCM and 391 UNC) and 1352 controls (935 UCM and 417 UNC).
For UCM cases and controls, two series of DNA samples were included: (i) a retrospective series obtained from formalin-fixed paraffin-embedded tissue and (ii) a prospective series obtained from blood samples as described previously (17, 18) . For both series, controls were cancer free at the time of inclusion. For the retrospective series, cases consisted of individuals with CRC who underwent surgical resection between 1994 and 2008 ascertained retrospectively from the Cancer Center and Pathology Department databases. Individuals known to have hereditary syndromes (familial adenomatous polyposis and Lynch syndrome) or inflammatory bowel disease were excluded. Hospital-based control samples were ascertained through our Pathology Department database and included cancer-free individuals who had
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thyroidectomies and amputations. Controls were matched to cases by age at diagnosis, 10-year birth cohort, gender and race as recorded in the database. Germline DNA for cases and controls was prepared from archived formalinfixed surgical specimens from the paraffin block tissue repository. For each case, a block of normal colorectal, thyroid or soft tissue from the surgical margins was pulled. Five sections 10-µ thick were cut or plugs were punched from each block for DNA extraction.
For the prospective series, blood samples from additional UCM cases and controls were obtained. Cases were recruited in oncology clinics since 2006. The control subjects included individuals found to have a normal screening colonoscopy or cancer-free individuals obtained from the UC Translational Research Initiative in the Department of Medicine (TRIDOM). TRIDOM is an ongoing, large-scale, clinic-based sample collection and study to investigate the relationship of biomarkers with health status, disease status and disease progression. Subjects over the age of 18 were recruited and consented from various UCM outpatient clinics beginning in 2005. Consented individuals had 10 cc of peripheral blood drawn, and deidentified samples were banked. The age at time of sample collection was used as the age for each control.
Germline DNAs were prepared using the Gentra Puregene kit (Qiagen) according to the manufacturer's instructions. For formalin-fixed, paraffin-embedded tissues, the paraffin was first removed with octane-methanol, and the proteinase K extraction step was extended to 3 days, adding fresh enzyme on each day, followed by heating the sample at 95°C for 15 min prior to protein precipitation.
Samples from UNC cases and controls were obtained through a large-scale, population-based case-control study of colon and rectal cancer, conducted in a 33-county area in central and eastern North Carolina. Cases were drawn at random from all CRC cases reported to the North Carolina Central Cancer Registry. Controls were randomly selected from North Carolina Division of Motor Vehicle records, based on sampling probabilities within blocks defined by 5-year age group, sex and race, using the technique of randomized recruitment (19) . The details of this study have been published previously (20) . Additional covariates including tobacco and alcohol use, non-steroidal antiinflammatory use, red meat and fiber intake, total calories and body mass index were included in the analyses only for the UNC series as these data are not available for the UCM series.
The UCM and UNC studies were approved by their respective institutional review boards, and where appropriate, subjects provided written informed consent.
SNP selection and genotyping
For this study, we selected the five gene regions identified in the original European-ancestry CRC GWAS. The regions included the TGFβ-related genes BMP4, CDH1, GREM1, RHPN2 and SMAD7 (Table I) . For each gene, the region from which SNPs were selected was defined from 5 kb upstream of the start site of transcription to 5 kb downstream of the termination site, and it also included all SNPs within the LD block that harbored the susceptibility allele as determined using Haploview (21) and the CEPH HapMap data. LD blocks are defined according to the default Haploview method that defines a block if 95% of the informative SNP pairs are in strong LD (22) . Tagging SNPs for each region were selected using the method of Carlson et al. (23) as implemented in Haploview using an r 2 cut-off of 0.80 and minor allele frequency cut-off of 0.05. We repeated the tagging SNP analysis in the Yoruba population using genotype data from HapMap Phase 3 (http://hapmap.ncbi.nlm.nih.gov/). We selected a total of 214 tagging SNPs across the five genes.
SNP genotyping assays were developed using Genotyper 2.0, and 195 assays were devised based on nine multiplex PCRs. We genotyped these 195 SNPs using the Sequenom MassARRAY platform as described previously (17, 18) . Quality control procedures to ensure high genotype quality were performed in several steps. First, we evaluated individual and SNP missingness for each plex. If an individual's missing rate was greater than 20%, which would suggest poor genotype quality for this subject in this particular plex, we set all of his or her genotypes to missing in this plex. Individuals with total missingness greater than 30%, which would occur for example if missingness was greater than 20% in two or more plexes, were excluded from further analyses. We used this relatively permissive genotype missingness rate to accommodate the high level of missingness found in two plexes in which genotype quality was less optimal. SNPs with minor allele frequency ≤ 0.025, missing ≥ 15% of their genotypes, or which had Hardy-Weinberg equilibrium P values ≤ 0.003 were excluded from additional analyses. After performing QC measures, there were a total of 361 EA cases and 347 EA controls genotyped on 125 markers, with an average missingness per individual of 4.9%. For AAs, 622 cases and 819 controls remained with genotype data on 153 markers with an average missingness per individual of 4.3%.
Genetic ancestry estimation
In order to control for confounding based on ancestry differences, West African ancestry was estimated in all cases and controls using 100 ancestry informative markers, which have been previously genotyped on the Sequenom platform (17) . Global individual ancestry (% West African and % European) was calculated from the genotype data using the Bayesian Markov Chain Monte Carlo method implemented in the program STRUCTURE 2.1 (24). STRUCTURE 2.1 assumes an admixture model using prior population information and independent allele frequencies. The Markov Chain Monte Carlo model was run using K = 3 populations (58 Europeans, 67 Native Americans and 62 West Africans) and a burn-in length of 30 000 iterations followed by 70 000 replications. West African ancestry estimates were used as covariates in the regression models for analyses with the AA sample set.
Genotype imputation
In order to improve our ability to resolve the causative risk allele and to more accurately evaluate association for ungenotyped SNPs, we performed imputation on each gene for each ancestral group separately. Imputation was performed using IMPUTE2 version 2.3.0 using the integrated phase 1 version 3 of the 1000 Genomes reference dataset (25) . We imputed genotypes over a 5-megabase region with the gene of interest being centered in the region. Association analyses were restricted to SNPs within a region containing the gene plus 20 kb upstream of the transcription start site and 20 kb downstream of the transcription stop site (cf. Supplementary Table 2 , available at Carcinogenesis Online). In addition, we included only those SNPs with IMPUTE2 info scores ≥ 0.50 and minor allele frequencies ≥ 0.01.
Statistical analysis
Gene-based association testing. We tested for association between SNPs (both genotyped and imputed) and CRC in the combined UCM and UNC AA series and separately in the UCM EAs. We used SNPTEST v2.4.1 (26) to perform logistic regression on the imputed and genotyped data using additive, dominant and recessive models and fit age and sex as covariates for both EA and AA analyses. Proportion of West African ancestry was used as a covariate for the AA analysis only. Independence of SNP effects was assessed by examining the amount of LD between SNPs (r 2 ) and by testing for association of each SNP conditional on other significant SNPs within the same gene using SNPTEST's-condition_on argument. 
Colorectal cancer risk alleles in blacks
Replication analysis. One of the main aims of this study was to determine whether SNPs consistently identified as CRC-associated variants in EA populations also play a role in CRC in AAs. Because it is plausible that the SNP identified in EAs is serving as a surrogate for the true underlying risk variant, we tested both the reference SNPs associated with CRC in EAs and those SNPs with r 2 values greater than 0.80 in the EAs. Many of the SNPs we are attempting to replicate may represent the same signal within the gene they reside. For example, in European-ancestry populations, rs4779584 and rs10318 in GREM1 have an r 2 = 0.49, rs9929218 and rs186278 in CDH1 have an r 2 = 0.83, rs4939827 and rs12953717 in SMAD7 have an r 2 = 0.59 and rs10411210 and rs7259371 in RHPN2 have an r 2 = 0.45. To account for testing not only the originally reported SNP but all SNPs in r 2 ≥ 0.80 with it, we calculated an empirical critical value to determine whether any of the tested SNPs supported evidence for association, and thus replication. This was done by permuting case-control status and repeating the same set of tests 2000 times. The distribution of the minimum P value was then determined, and the 5th percentile of this distribution was set as the critical value. Gene-wide multiple testing. We assessed statistical significance for SNP tests within genes after accounting for multiple testing in two ways. For each geneancestry combination, we calculated a gene-based P value for each SNP using pACT (27) that accounted for the correlation between the SNPs within each gene and the correlation between the three genetic models tested. Second, we calculated q values using the method of Benjamini and Hochberg (28) for the tests performed in each gene-ancestry group, and again for all genes combined within an ancestry group. Testing tumor site and lifestyle factors. We tested for SNP effect size heterogeneity in colon cancer versus rectal cancer by treating colon cancer samples as cases and rectal cancer samples as controls and performing logistic regression as described in Gene-based association testing section. We investigated whether lifestyle factors influenced the risk of CRC in AAs, and if so, whether the CRC-SNP genotype associations could be explained by these differences or whether stronger evidence for CRC-SNP associations could be found by conditioning on important lifestyle factors. The variables we explored included food energy, dietary fiber, alcohol consumption, body mass index, non-steroidal anti-inflammatory drug use, smoking, red meat consumption and amount of cigarettes smoked per day. We plotted the distribution of these variables in cases and controls and calculated the Wilcoxon Rank Sum test P value. The Wilcoxon Rank Sum test was used because the distribution of these traits was not normal. Smoking status differences in case and controls were tested using a chi-squared test of homogeneity. We regressed each trait on case-control status and on the other traits. To test the effects of the lifestyle factor on SNP associations with CRC, we compared the analytic results from logistic regression models including sex, age and proportion African ancestry as covariates with and without the lifestyle factor as a covariate.
Results
Testing the differential genetic structure hypothesis
If the differential genetic structure hypothesis was correct, then we should be able to identify SNPs that are associated with CRC in both EAs and AAs. We would expect these SNPs to be in LD with the originally identified SNP in EAs but not in LD with the original SNP in AAs. Accordingly, we looked for SNPs with these characteristics in five TGFβ-related genes BMP4, GREM1, CDH1, SMAD7 and RHPN2 that have shown consistent association with CRC in studies of European-ancestry populations (see Table I ). To do this, we first identified SNPs in high LD (r 2 ≥ 0.8) in EAs with the original variants reported from GWAS. In the five genes, we identified between 1 and 58 SNPs (107 total) that were in LD with the original GWAS variant, and these SNPs were tested as candidates for the true riskassociated allele. We calculated empirical critical values to maintain a type I error rate of 0.05 for each set of SNPs that tag the Europeanancestry CRC-associated SNPs (see Materials and Methods).
Three of the SNPs originally identified in European-ancestry GWAS showed evidence for association in the AA sample using a critical value that only corrected for the three genetic models tested (Table II) . Similar to the results we reported earlier (17) , rs1862748 in CDH1 (OR Add = 0.82, P = 0.02) and rs10318 in GREM1 (OR Rec = 60.1, P = 0.01; OR Add = 1.47, P = 0.02) were significantly associated with CRC in AAs. The SNP rs11632715 in GREM1 (OR Rec = 2.36, P = 0.004), which was reported later as an association independent of other GREM1 SNPs (16), was also significantly associated with AA CRC. The SNP rs76211684, which is in LD with rs11632715, was found to be slightly more significantly associated Reference SNPs are listed in Table I . The GREM1 SNP rs16969681 was not included in Table II because the imputation quality score was < 0. 5 .Three genetic models were tested. The best model (mod) and best OR are the ones associated with the smallest P value (min p). c These data are from the reported GWAS studies in individuals of European descent (see Table I ). d Reference SNPs are listed in Table I . The GREM1 SNP rs16969681 was not included in the Table because the imputation quality score was < 0.5. * Statistically significant P value (in bold) at the 0.05 level after controlling for multiple testing.
(OR Rec = 2.63; P = 0.002), but it has a similar allele frequency and OR to rs11632715. The GREM1 SNP rs12902616 (OR Rec = 1.28, P = 0.005), which is in LD with the SNP rs4779584 previously identified in European-ancestry GWAS, was significant after correcting for testing three models performed on it and the other 17 SNPs in GREM1 that had r 2 s ≥ 0.80 with rs4779584 and with rs10318. No other SNPs in LD with the original SNPs showed statistically significant evidence of association (all the results from this statistical analysis are shown in Supplementary Table 3, available at Carcinogenesis Online). Thus, only 2 of the 5 genes tested that are consistently found to be associated with CRC in European-ancestry populations are also associated with risk in AAs.
Gene-based analysis
Given the prior evidence for the five genes investigated here being involved in CRC in EAs and given their role in TGFβ signaling, it is reasonable to hypothesize that some previously unidentified variant(s) within these genes may be involved in CRC in AAs. We pursued this question by testing both directly genotyped and imputed SNPs in the five candidate genes discussed above. In total, we tested 2105 SNPs. Figure 1 shows association results for the five gene regions in AAs.
In two genes, GREM1 and RHPN2, we noted several association peaks (P < 10 −3 ) (Table III) . In GREM1, there were two association peaks of imputed SNPs noted under a recessive model. One peak was located 5′ to GREM1 centered on rs148375239 [OR Rec (SE) = 17.33 (24.14), P = 1.9 × 10 −4 , P corrected = 0.024; OR Add (SE) = 1.40 (0.20), P = 0.02]; rs148375239 was gene-wide significant after correcting for the number of SNPs, their LD and the three models tested. The second peak was located 3′ to GREM1 and included four SNPs that were gene-wide significant (rs17816285, rs8031380, rs7496578 and rs4337272). SNP rs17816285 showed the strongest association [OR Rec (SE) = 3.13 (1.03), P = 1.9 × 10 −4 , P corrected = 0.024]. The other three SNPs in the peak had r 2 ≥ 0.94 with rs17816285, whereas the SNP in the other peak, rs148375239, was not in LD with this SNP (r 2 = 0.01). Conditional tests revealed that the signals from these two SNPs are independent of one another, as well as being independent of the previously identified GREM1 risk-associated variants (Supplementary  Table 4 , available at Carcinogenesis Online).
In RHPN2, one imputed SNP, rs113984415, localized to the 5′ region, was gene-wide significant in AAs under a recessive model [OR Rec (SE) = 0.13 (0.09), P corrected = 8 × 10 −5 ] and is independent of the previously reported rs10411210 and rs12459751 SNPs (r 2 < 0.20, Supplementary Table 4 , available at Carcinogenesis Online). The RHPN2 SNP rs113984415 had a substantially smaller minor allele frequency in EAs than in AAs, 1.7% versus 17.4%, respectively; consequently, the effect of this SNP is population restricted. The GREM1 SNPs were all imputed successfully in the EA samples; however, none conferred risk for CRC in the EAs. For example, the allele frequencies of rs17816285, the most significantly associated GREM1 SNP in AAs, were 0.29 in AA cases and 0.25 in AA controls, but they were 0.25 in EA cases and 0.24 in EA controls. The allele frequencies of rs148375239-the other independently associated GREM1 SNP in AAs-were 0.167 in AA cases and 0.143 in AA controls, but they were 0.169 in both EA cases and controls. If these findings are confirmed, it would suggest that at least a subset of CRC risk alleles is specific to the AA population.
Analysis of tumor site and diet/lifestyle factors
We investigated whether any of the previously associated or newly identified variants showed significant differences in OR based on tumor site. Only a single SNP demonstrated nominal significance: rs113984415 was significantly associated in colon cancer (OR = 0.04, P = 1 × 10 −6 ) but showed no evidence of being associated with rectal cancer (OR = 0.64, P = 0.49) (Supplementary Table 5 , available at Carcinogenesis Online).
The means of three correlated lifestyle factors-energy intake, fiber intake and meat consumption-were significantly different between cases and controls when using test-wise type I error rate of 0.05 (P energy = 0.03, P fiber = 0.01, P meat = 2 × 10 Table 6 , available at Carcinogenesis Online). The ORs and P values for the GREM1 SNP rs10318 were much smaller when meat consumption was included in the model. The full results of this analysis can be found in the Supplementary Material, available at Carcinogenesis Online.
Discussion
GWAS and subsequent fine-mapping studies in European-ancestry populations have identified genetic associations in candidate genes involved in TGFβ signaling, including BMP4, GREM1, CDH1, SMAD7 and RHPN2 (1, 3, 5, 15, 16) . In our earlier work, we directly genotyped a sample of AA CRC cases and controls and tested the previously identified SNPs in these five gene regions but were only able to replicate the SNPs rs10318 in GREM1 and rs1862748 in CDH1 (18) . In order to better characterize the genetic structure of CRC risk, we undertook the current study to test whether our failure to replicate the other variants was due to differential LD structure causing EA CRC-associated SNPs to no longer serve as good proxies for the true risk variant. In addition, we tested whether independent risk variants existed in these regions in AAs.
In our test of the differential genetic structure hypothesis, we were able to confirm our previous replication of the GREM1 SNP rs10318 and the CDH1 SNP rs1862748. The association signal at rs1862748 was stronger in the present analysis because we had additional genotype information through imputation of missing genotypes and because we considered recessive and dominant genetic models in addition to the log additive model, which was the only model we tested in our first replication attempt. We were also able to replicate the second GREM1 SNP, rs4779584, by identifying another SNP in LD with it, rs12902616, (r 2 EA = 0.82, r 2 AA = 0.72), that showed significant association using a dominant model (P = 0.005). Also, we were able to replicate the GREM1 SNP rs11632715, which in Europeans is reported to be an association independent of rs10318 and rs4779584. We did not replicate any SNPs in BMP4, SMAD7 or RHPN2. These results agree with a recently reported study in AA CRC (29) , with the exception of an AA-associated SNP in SMAD7, which we did not identify as associated in the present sample set.
In addition to determining whether or not CRC-associated risk variants identified in European-ancestry populations are equally relevant for AA populations, studying AAs could also allow us to better localize the causative risk variant. We used ENCODE annotation served by HaploReg (30) to investigate if the functional evidence for the variant identified in the AAs is more compelling than the original EA reported variant. Both the original European-ancestry GREM1 variant rs4779584 and its most significant proxy in AAs, rs12902616, are located within intriguing transcription factor (TF) binding sites (IRF and PBX1, respectively); however, they do not appear to alter the binding affinity. The CDH1 SNP, rs1862748, is located in enhancer sequences associated with histone marks, but the histone marks are not found in colon cancer cells. Interestingly, the most significant AA variant in LD with rs1862748, rs4783685, is in a binding site for the YingYang1 (YY1) TF, which has been reported to be overexpressed in colon cancer (31) .
In our test of the independent genetic structure hypothesis, we identified three previously unreported SNPs in GREM1 and RHPN2 that appear to be specific to AA CRC risk. Neither of these GREM1 SNPs is in LD with any of the previously identified European-ancestry CRC SNPs in GREM1 (maximum r 2 = 0.16 in AAs), nor was the RHPN2 SNP in LD with the previously identified European-ancestry risk variant in RHPN2 (r 2 = 0). Although none of the GREM1 SNPs were associated with histone marks, they did alter the binding motifs of several TFs. For example, rs8031380 alters ERG-1 (Early Growth Response-1) binding motif. The ERG-1 gene is a tumor suppressor that can be induced by tolfenamic acid, an anticancer non-steroidal antiinflammatory drug that promotes apoptosis in colon cancer cells (32) . The GREM1 SNP, rs7496578, alters NRF-2 and TCF11 binding motifs, both of which play a role in oxidative stress response. Kelch-like ECHassociated protein 1 (Keap1) in the NRF-2 pathway is differentially expressed in response to oxidative stress in normal and colon cancer cells (33) . The GREM1 SNP rs17816285 is in LD (r 2 AA = 0.93) with rs10519740, which localizes to a histone-marked enhancer sequence in human skeletal muscle myoblasts and is associated with the differential expression of six genes (CCDC43, LOC400713, CA5B, CA5BL, C8orf70 and TPRKB) in HapMap Yoruba expression quantitative trait locus studies but not in HapMap European expression quantitative trait locus studies (34) . The RHPN2 AA risk variant rs113984415 is contained in sequences that define TF binding motifs and promoter-associated histone modifications in 9 ENCODE cell types. Additionally, the novel spliceosomal factor, ZNF263, which is able to induce alternative splicing (35) , binds at this TF binding motif. rs113984415 is nearly West African specific (minor allele frequency = 0.34 in HapMap Yoruba and 0.017 in our Chicago EA controls). These exciting results underline the mounting evidence that AAs possess a set of AA-specific risk alleles in human disease, e.g. in Alzheimer's disease (36), obesity (37) and warfarin dosing (38) . In some instances, the AA-specific alleles reside in previously identified genes.
Although we were successful in replicating CRC risk-associated SNPs in two of five genes identified in European-ancestry populations, an important question is why the remaining risk-associated SNPs failed to replicate. Possible explanations include (i) the unreplicated variants do not confer risk in AAs because increased risk depends on interaction with ethnicity-restricted environmental or genetic factors; (ii) all the variants tested do indeed confer risk in AAs, but we were insufficiently powered to identify association with all of them; (iii) the associations in European-ancestry populations represent synthetic associations, in which one SNP is associated with multiple, much less common risk alleles, as hypothesized by Goldstein and colleagues (39) and finally, (iv) the SNPs in the three unreplicated genes represent false positives in the European-ancestry populations. It is unlikely that the SNPs in the three unreplicated genes are false positives given the sample sizes (>25 000 subjects) on which the associations are based (1,2,9,16). It has been argued that synthetic associations are more the exception than the rule (40, 41) although the extent to which this hypothesis has been tested in European-ancestry CRC associations is unclear. With regard to power, using the OR values for the 12 SNPs in Table I , we calculated that the likelihood that we would replicate four or fewer of the 12 EA variants is 0.48; however, the unreplicated SNPs had higher power than average and the probability that none of these variants were among the four replicated SNPs is <0.01. Finally, although the possibility that gene-by-gene or gene-byenvironment interaction could explain the lack of replication, testing this hypothesis will require a larger and more comprehensive dataset with respect to number of samples, the proportion of the genome interrogated and potentially relevant non-genetic factors. This last hypothesis is extremely intriguing and has many public health and clinical implications.
In summary, we have found three novel CRC risk-associated variants in two known susceptibility genes that appear to be specific, or nearly so, to AAs, and we have found that four variants in two genes previously identified in European-ancestry populations serve as markers for CRC risk in AAs as well. Additional studies will need to be conducted to confirm our novel results, but if successful they will join an increasing number of population-specific variants, providing further credence to the need for personalized and population-based medicine.
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